1. Introduction {#s0005}
===============

Congress grass, *Parthenium hysterophorus* L. (Asteraceae: Heliantheae) is herbaceous weed of international importance and originate from central and south America ([@b0030]). It is now considered as the most devastating weed of both agricultural and urban areas of Asia ([@b0195], [@b0065]) and Australia ([@b0190], [@b0025]). After its introduction in late 1950′s in Pune ([@b0200]), it spread over an area of ∼35 million ha of Indian lands including roadsides, railway tracks, cultivated fields and water lands ([@b0215]). Parthenium weed spread to the large area very quickly due to its high reproductive capacity (5000--10,000 seeds/plant), its light seed weight which disperse by wind very easily and lack of seed dormancy which allowed parthenium to complete at least 3--4 generations/year ([@b0205], [@b0235], [@b0225], [@b0070]). Nevertheless, this weed is a responsible factor for causing many health related issues to human and livestock which have now reached to epidemic proportions ([@b0175], [@b0210], [@b0220], [@b0195]). Warm temperature with sufficient rainfall favors the germination and growth of parthenium at any time of the year ([@b0055], [@b0060]). Effective management of parthenium is very difficult due to its capacity to produced seeds in large quantity, adaptability to grow well/flourish in any kind of habitats and allelopathic potential ([@b0230], [@b0195]).

In India the biocontrol program of parthenium was initiated in 1984 in Bangalore by the introduction of leaf-feeding beetle, *Zygogramma bicolorata* Pallister (Chrysomelidae: Coleoptera) from Mexico ([@b0105]). After successful introduction, *Z. bicolorata* became colonized within 3 years and caused a considerable damage to the parthenium plants and lowering down its density in the trialed areas ([@b0115], [@b0225]). Nonetheless, in Jammu and Kashmir in 1992, adults of *Z. bicolorata* were mass released in parthenium prone areas at large scale ([@b0035]). After introduction, *Z. bicolorata* spread over \>9000 km^2^ area ([@b0050], [@b0045]) and caused suppression of parthenium in many parts of the state ([@b0040]). Furthermore, Geographical Information System (GIS) based map was used by [@b0015] in order to adequately determine the current geographical distribution of *Z. bicolorata* in different states of India, as well as in neighboring countries.

Parthenium weed contains main allelochemical such as parthenin, which is known to cause a germination and radicle growth inhibitor in a variety of agricultural important economic crops. Nonetheless, this allelochemical inhibit shoot/root growth, nutrient uptake from soil and caused detrimental effects on naturally occurring symbiotic organisms ([@b0085]). Therefore, to control parthenium weed herbicidal application is the only methods remain, which offered good but time being results ([@b0220]). Further, it is already known that indiscriminate use of synthetic herbicides can pose a threat to environment, soil fauna, human & animal health and other parts of ecosystem ([@b0065]). Nevertheless, eco-toxicity and/or non-target toxicity of herbicides can disrupt the integrated weed management programs by killing the natural enemies associated with weeds. Thus, the associated problems with herbicides have led to change in management strategies with the focus on long-term solution of weed using classical biological control ([@b0240], [@b0075]). Therefore, we can reduce the usage of herbicides by field releasing of natural enemies time to time to control parthenium. Plethora of literature is available on population dynamics, dispersal, feeding and reproduction of *Z. bicolorata* ([@b0130], [@b0110], [@b0135], [@b0120], [@b0140], [@b0090], [@b0075]). However, limited information is available on augmentation and colonization of *Z. bicolorata* for biological control of parthenium weed in India ([@b0105], [@b0225]). Therefore, present study was needful in order to evaluate the impact of field release program of *Z. bicolorata* for biological suppression of parthenium in Aligarh region, India.

2. Materials and methods {#s0010}
========================

2.1. Study areas {#s0015}
----------------

Field experiments were conducted in 12 locations. It is situated at latitude 27°53′N and longitude 78°05′E/27.88°N. These locations were selected on the basis of presence of lush green parthenium plants almost throughout the year and have not been utilized for cultivation of any crop for at least one and a half year prior to experiments. These selected locations have parthenium infestations with a density of 60--65 plants/m^2^ and the average height ranged from 20 to 60 cm and moisture ∼80 to 85%.

2.2. Culture maintenance in protected field conditions {#s0020}
------------------------------------------------------

A bulk culture of *Z. bicolorata* was maintained on parthenium plants grown in 30 plastic pots (18 cm diameter; 20 cm deep) kept inside insect-proof cages (80 × 85 × 55 cm; each pot in each cage), in the experimental field conditions of Department of Plant Protection, Faculty of Agricultural Sciences. These plastic pots were filled with sun solarized soil mix with a layer of coconut coir at the base of pots for appropriate drainage and proper maintenance of moisture required for the growth of parthenium plants. Same aged parthenium seedlings (∼2 or 3) were transplanted in these pots and irrigated whenever required. Five pairs of adults were released on each potted plants (30 days old) for egg laying and development. Adults and immature of this beetle were provided with new parthenium plant time to time when previous plants were defoliated. Moisture was maintained in pots for the better growth of parthenium as well as quick development of the beetles. Developmental stages i.e. adults of the same age and 3rd instars of *Z. bicolorata* were picked up time to time from their mass rearing cages and utilized in subsequent experimentations.

2.3. Field releases of *Z. bicolorata* {#s0025}
--------------------------------------

Field releases of both adults (same age) and 3rd instars of *Z. bicolorata* was made at 8 locations (4 locations for adults and 4 locations for larvae) @ of 12 individuals/m^2^ and 4 locations were left as controls, thus a total of 12 locations were chosen for experimentation. The field release was made on 1st May 2010 and further releases were carried out on 5th, 10th, 15th and 20th day after initial release. Experimental sites used for control were remained as such without releasing of adults and larvae of *Z. bicolorata*.

2.4. Observations on released sites {#s0030}
-----------------------------------

### 2.4.1. Damage potential of *Z. bicolorata* {#s0035}

The observations were made from 20th to 80th days after initial inoculation at an interval of 20 days. Twenty-five parthenium plants were tagged randomly to examine the level of defoliation, in each location. In larval and adults released sites, the damage rating was designated from 0 to 100% by visually observing the plants. Locations designated as control were also examined for natural attack by this beetle. The plants with complete defoliation and no flower were designated as 100% damage. Each plant was considered as a replicate.

### 2.4.2. Population growth of *Z. bicolorata* {#s0040}

Population growth/build-up of *Z. bicolorata* was also accessed by manually observing the developmental stages (i.e. number of eggs, larvae and adults) on infested plants at each site after an interval of 20th days right from the first release until a complete defoliation is noted.

### 2.4.3. Impact of field releases of *Z. bicolorata* on plant height {#s0045}

Plant height was examined in randomly selected 25 plants from each study site and the shoot of these plants were measured just above the ground level to the terminal portion of the plants with the help of measuring tape. Measurements of plant height were taken in the second week of November (2010 and 2011) as most of the adults of *Z. bicolorata* undergone diapause and no chance of plant damage is remained.

### 2.4.4. Impact of field releases of *Z. bicolorata* on weed density {#s0050}

The density of the weed was only monitored in the month of July (2nd week) 2010, 2011 and 2012, by directly counting parthenium plants/m^2^ at all experimental sites and replicated four times.

### 2.4.5. Impact of field releases of *Z. bicolorata* on flowers and leaves production {#s0055}

The impact of feeding on flowers and leaves was assessed by counting of the flowers and leaves of 20 tagged plants from each site in second week of May 2012.

### 2.4.6. Impact of field releases of *Z. bicolorata* on plant biomass {#s0060}

Twenty plants from each location were selected and uprooted just above the ground level in second week of May 2012 and allowed to dry in oven at 60 °C. The biomass of plants was measured using electronic balance (Pricision balance, CB-Series, Contech) and each plant was considered as a replicate.

### 2.4.7. Impact of field releases of *Z. bicolorata* on soil seed storage {#s0065}

At the completion of the experiment (second week of July 2012), soil samples (2.5 cm depth) were collected randomly from five sites each in control, larvae and adults release locations. Collected soil was brought to the laboratory and spread in plastic trays (15 × 8 × 4 cm) already filled with sterilized garden soil. Sufficient moisture was provided using sprinkle bottle for proper germination of seeds of parthenium stored in soil collected from experimental sites. Thus, the number of sprouted seeds/m^2^ was then counted.

2.5. Statistical analysis {#s0070}
-------------------------

Logistic regression analysis (Pearson-*X^2^*) was performed in proportional binomial data of per cent damage before one way analysis of variance (ANOVA). Data of plant height (cm) of two consecutive years (2010 and 2011) were compared by the two-way analysis of variance. All treatment means were compared by a post hoc *Tukey's HSD test*. Statistical analysis and graphic presentation were performed in the language program R 2.10.1, (R Development Core Team 2010).

3. Results {#s0075}
==========

3.1. Damage potential of *Z. bicolorata* {#s0080}
----------------------------------------

*Zygogramma bicolorata* have caused considerable damage to various plant parts i.e. leaves, stem and flower of *Parthenium* when they established in the field ([Fig. 1](#f0005){ref-type="fig"}). Box plots demonstrated that the larval released sites have caused a significant more damage than the adults released sites. The damage was increased with time as indicated by the 20th (*F = 35.87; df = 2, 74; P \< 0.001*) and 40th (*F = 45.89; df = 2, 74; P \< 0.001*) day after initial inoculation. Furthermore, it was noted that larvae have caused a complete damage by the 60th day (*F = 76.77; df = 2, 74; P \< 0.001*). Whereas, 80 days (*F = 95.97; df = 2, 74; P \< 0.001*), were required in complete damage to the plants in the adults released sites ([Fig. 1](#f0005){ref-type="fig"}). However, compared of treated and untreated sites at 80th days showed a significantly difference, and minor damage was evident in control sites.Fig. 1Damage (%) at adults/larvae released and untreated sites. Box plots with similar letters are not significantly different (*Tukey's HSD*; P \> 0.001).

3.2. Population build-up of *Z. bicolorata* {#s0085}
-------------------------------------------

Results showed that population build-up was not quick in larval released sites as compared to adults released sites by the 20th day of observation (*F = 33.39; df = 2, 74; P \< 0.001*). However, population of *Z. bicolorata* and its damage potential increased with time in larval released sites as indicated in 40th day (*F = 45.89; df = 2, 74; P \< 0.001*) and 60th day (*F = 76.39; df = 2, 74; P \< 0.001*) of inoculation ([Fig. 2](#f0010){ref-type="fig"}). But due to 100% defoliation to the plants in adults and larval released sites by 80th day, the population tends to negate (*F = 95.77; df = 2, 74; P \< 0.001*). However, in control plots population of *Z. bicolorata* were also observed in 60th day of observation (mid July), though no individuals of this beetle were released ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2Population/plant of *Z. bicolorata* in adults/larvae released and untreated sites. Box plots with similar letters are not significantly different (*Tukey's HSD*; P \> 0.001).

3.3. Impact on plant height {#s0090}
---------------------------

The observations on plant height in larval and adults released sites in 2010 indicated that there was no significant difference, however, the considerable difference was detected in height of the plants in the treated and untreated sites in both study years (*F = 0.25; df = 1; P = NS*\*Years, *F = 60.15; df = 2; P \< 0.001*\*Treatments, *F = 4.45; df = 2; P \< 0.015*\*Years × Treatments at total *df = 149*). Furthermore, results of the present study indicated a significant difference in the height of plants in adults and larval released sites in the year, 2011 ([Fig. 3](#f0015){ref-type="fig"}).Fig 3Impact of field releases of adults/larvae of *Z. bicolorata* on plant height of *P. hysterophorus* in 2nd week of November of the year 2010 and 2011. Box plots with similar letters are not significantly different (*Tukey's HSD*; P \> 0.001).

3.4. Impact on plant density {#s0095}
----------------------------

Plant density was also significantly affected by larvae and adults augmented sites from 2010 (*F = 0.37; df = 2, 11; P = NS*) to 2012 (*F = 112.37; df = 2, 11; P \< 0.001*) as compared to untreated sites ([Fig. 4](#f0020){ref-type="fig"}).Fig. 4Impact of field releases of *Zygogramma bicolorata* (adult and larvae) on parthenium plant density/m^2^ in year of 2010, 2011 and 2012. Bar plots with similar letters are not significantly different (*Tukey's HSD*; P \> 0.001).

3.5. Impact on flowers and leaves production {#s0100}
--------------------------------------------

It was evident a lower rate of flowers (*F = 1320.46; df = 2, 59; P \< 0.001*, [Fig. 5](#f0025){ref-type="fig"}) and leaves production (*F = 221.54; df = 2, 59; P \< 0.001*, [Fig. 6](#f0030){ref-type="fig"}) at all treated sites. Further, larval released sites had lowest number of leaves as compared to adults released sites.Fig. 5Impact of field releases of *Zygogramma bicolorata* (adult and larvae) on flowers/plant of *P. hysterophorus* in 2nd week of May of the year 2012. Box plots with similar letters are not significantly different (*Tukey's HSD*; P \> 0.001).Fig. 6Impact of field releases of *Zygogramma bicolorata* (adult and larvae) on leaves/plant of *P. hysterophorus* in 2nd week of May of the year 2012. Box plots with similar letters are not significantly different (*Tukey's HSD*; P \> 0.001).

3.6. Impact on plant biomass {#s0105}
----------------------------

Plant biomass was significantly highest in control sites (*F = 561.95; df = 2, 59; P \< 0.001*) followed by larval and adults augmented sites. Larval and adults augmentation in field resulted in decreased in plant biomass to 42.9% and 56.64%, respectively when compared to the biomass of plants grown in control plots ([Fig. 7](#f0035){ref-type="fig"}).Fig. 7Impact of field releases of *Zygogramma bicolorata* (adult and larvae) on plant biomass (gm) of *P. hysterophorus* in 2nd week of May of the year 2012. Box plots with similar letters are not significantly different (*Tukey's HSD*; P \> 0.001).

3.7. Impact on soil seed storage {#s0110}
--------------------------------

Up to a regular damage by *Z. bicolorata* for more than 120 days have significantly reduced the reservoir of parthenium seeds in soil by 75% (*F = 1451.45; df = 2, 14; P \< 0.001*) ([Fig. 8](#f0040){ref-type="fig"}).Fig. 8Impact of field releases of *Zygogramma bicolorata* (adult and larvae) on soil seed reservoir/m^2^ of *P. hysterophorus* in 2nd week of July of the year 2012. Box plots with similar letters are not significantly different (*Tukey's HSD*; P \> 0.001).

Meteorological data on average temperatures, humidity and annual rainfall of years 2010, 2011 and 2012 of Aligarh region is presented in [Fig. 9](#f0045){ref-type="fig"}.Fig. 9Meteorological data of Aligarh region, UP, India, for the period of 2010 to 2012, illustrating mean monthly maximum and minimum Temperature, maximum and minimum relative humidity and average rainfall.

4. Discussion {#s0115}
=============

This case study clearly demonstrated that the field releases of *Z. bicolorata* have negative impact on various fitness parameters i.e. leaves and flower production, soil seed reservoir, seed germination and adequate growth of parthenium plant. The outbreak of *Z. bicolorata* have caused 80--100% defoliation which resulted into considerable reduction of leaves and flower production, density of plants, plant growth, production of flowers and soil seed reservoir in almost all studied sites. In previous studies many workers have reported almost a similar percentage of defoliation (∼85%) caused by *Z. bicolorata* and complete reduction in plant density in Indian agro climatic conditions ([@b0115], [@b0100], [@b0225]). Nevertheless, [@b0180] concluded that the defoliation and damage of parthenium plants by *Z. bicolorata* depends on geographic locations as well as study years under Australian scenario. Further, it was previously noted that after field releases of *Z. bicolorata* in the area of released sites can takes up to four years to get their colony well established and strong, necessary for the desirable biological control of parthenium weed ([@b0105]). However, in many instances after well enough colonization of *Z. bicolorata* in the field the adequate biological control of this weed was not satisfactory due to slow growth, late emergence from diapusing state, slow feeding, high mortality rate and low reproduction of the beetles ([@b0225]). Among these factors, diapausing behavior of this beetle considerably slow down its biocontrol potential especially in the month of December where majority of the adult's population remains in diapause ([@b0130], [@b0080]).

Our results showed that, the considerably highest number of developmental stages of *Z. bicolorata* i.e. eggs, larvae and adults were recorded in adults released sites which might be due to that after being released, female adult starts laying eggs and build-up of population. Therefore, laboratory reared adults if releases in field conditions on parthenium prone areas time to time, an extensive impact on weed density, its flower production and soil seed reservoir can be achieved. Defoliation by *Z. bicolorata* significantly reduced not only the plant height but also the flower and seed production. It might be due to the regular herbivory by this beetle which destroyed the growth pattern of apical meristem resulted into reduction in plant height, alteration in branching pattern and ultimately less or no production of flower and seeds ([@b0020]). Previously, [@b0160] reported that the herbivory in Ambrosia weed by the introduction of a related species i.e. *Z. saturalis* also caused a reduction of plant height, flower and seed production.

Nonetheless, results of this study demonstrated that in completely defoliated plants, *Z. bicolorata* targeted flower buds for egg laying. After hatching neonate feeds on flowers and by doing so preventing the seed production. Similarly, [@b0020] have reported that 98% defoliation of parthenium plant do not produced any flower and seed. Furthermore, our results also showed that due to complete defoliation of plant and its density there was ultimately a reduction of number of flower and seed production/m^2^ up-to 5 to 150-folds. Similarly, these observations were previously taken by [@b0170] in *Sida acuta* and by [@b0005] in *Lythrum salicaria* L. due to the introduction of their respective bio-control agents. This continuous defoliation of parthenium plant by *Z. bicolorata* upto 3 or more years significantly reduced the soil seed reservoirs which ultimately lower down the abundance of parthenium density in study locations ([@b0010], [@b0060]).

Moreover, for an effective biological control of parthenium a proper population build-up of *Z. bicolorata* is important, which could be attributed for timely releases of these beetles in the field. Nevertheless, field releases of the correct stage of this beetle are also as important as the correct time. Therefore, field releases of adult stage of *Z. bicolorata* are quite effective as they are responsible for build-up of whole population in less time, thereby decreasing the density of parthenium plant. Our study showed that field releases of adults of *Z. bicolorata* considerably reduced the density of plant, affects the various growth stages, defoliated the plant, damage the flowers and lowering down the rate of seed formation ([@b0225]). Similarly, workers have previously reported up to 100% defoliation of parthenium plant by *Z. bicolorata* ([@b0060], [@b0080]).

It could be concluded from the present investigations that larvae are effective defoliator than the adults but field releases of adults could provide effective management of parthenium plants. Because adults are responsible for population build-up and propagate the new colony of better performing individuals which leading to quick and effective control of parthenium at release site.
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